Mutations in the LRRK2 (leucine-rich repeat kinase 2) gene are the most frequent genetic cause of PD (Parkinson's disease), and these mutations play important roles in sporadic PD. The LRRK2 protein contains GTPase and kinase domains and several protein-protein interaction domains. The kinase and GTPase activity of LRRK2 seem to be important in regulating LRRK2-dependent cellular signalling pathways. LRRK2's GTPase and kinase domains may reciprocally regulate each other to direct LRRK2's ultimate function. Although most LRRK2 investigations are centred on LRRK2's kinase activity, the present review focuses on the function of LRRK2's GTPase activity in LRRK2 physiology and pathophysiology.
LRRK2 GTPase dysfunction in the pathogenesis of Parkinson's disease
Introduction PD (Parkinson's disease) is recognized as the second most common neurodegenerative disorder after Alzheimer's disease, affecting up to 1 % of the population above the age of 60 and 4-5 % above the age of 85 [1] . According to the National Institutes of Health, 1.5 million people in the U.S.A. are suffering from PD. Patients exhibit a number of characteristic clinical symptoms, such as akinesia, resting tremor, muscle rigidity and postural imbalance [1] . The cardinal symptoms are caused by the progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta [2] . The aetiology of PD is incompletely understood. Although most PD cases appear to be sporadic, identification of mutations in several genes responsible for this chronic progressive neurodegenerative disease confirms the role of genetics in the disease [3] . To date, seven genes [SNCA (α-synuclein), PARK2 (parkin), PARK7 (DJ-1), PINK1 (phosphatase and tensin homologue deleted on chromosome 10-induced putative kinase 1), VPS35 (vacuolar protein sorting 35), EIF4G1 (eukaryotic initiation factor 4G1) and LRRK2 (leucine-rich repeat kinase 2)] are associated with genetic forms of PD that closely resemble idiopathic PD [3] [4] [5] [6] . Mutations in the LRRK2 gene (formerly known as PARK8 or dardarin, OMIM 609007) is the most frequent genetic cause of PD, accounting for 4 % of familial PD and 1 % of sporadic PD across all populations. Patients with LRRK2 mutations exhibit clinical and neurochemical phenotypes that are indistinguishable from sporadic PD [7, 8] .
The LRRK2 protein contains multiple enzymatic and protein-protein interaction domains, including a ROC (Ras of complex proteins) GTPase, a COR (C-terminal of ROC), an LRR (leucine-rich repeat), a protein kinase, a WD40 repeat and an LRRK2-specific repeat domain [9, 10] (Figure 1 ). LRRK2 has both GTPase and kinase enzyme activity [11] . The kinase domain is most similar to the paralogue LRRK1, but it also has similarity to the receptor-interacting kinases and mitogen-activated protein kinase kinase kinases of the mixed-lineage type [11] [12] [13] . LRRK2's interaction domains are thought to serve as protein-binding modules where LRRK2 acts as a signalling scaffold [11] . LRRK2 localizes to a wide range of vesicular and membranous structures in neurons, including mitochondria, the endolysosomal system, the ER (endoplasmic reticulum) and Golgi [14] [15] [16] . Many studies suggest that LRRK2 is involved in diverse pathways, including regulation of protein translation, apoptosis, mitochondrial function, vesicle trafficking, neurite outgrowth, autophagy and cytoskeletal dynamics [10, 11] . How LRRK2 mutations cause neurodegeneration in PD is currently unknown, and the underlying mechanisms for the pathogenesis still need to be defined.
These physiological and pathophysiological cellular processes are probably regulated at multiple levels by LRRK2 through its GTPase and kinase domains as well as the protein-interaction domains. Although most investigations have focused on the kinase function of LRRK2, the present review primarily discusses the GTPase function of LRRK2 and its relationship to LRRK2 kinase activity. We also discuss potential modifiers of the LRRK2 GTPase domain and therapeutic strategies beyond kinase inhibition for LRRK2-associated PD. 
Pathogenic mutations in the LRRK2 GTPase domain
A number of point mutations have been found in almost all LRRK2 domains in patients with PD. At least seven mutations (I1371V, R1441C/G, Y1699C/G, G2019S and I2020T) segregate with familial PD and are pathogenic [1] (Figure 1 ). The most common LRRK2 PD-associated mutation, G2019S, is in the kinase domain of LRRK2. Arg 1441 in the GTPase domain is the second most common site of pathogenic LRRK2 substitutions after Gly 2019 [17] . The R1441C mutation was first reported in two autosomaldominant PD families and later was also found in sporadic PD [8, 18] . R1441C has been reported in different ethnic races, whereas R1441G is most common in the Basque country [19] . The R1441H mutation appears to be pathogenic and confirms that this amino acid is a mutational hotspot [20] . The I1371V mutation seems to segregate with disease, but little is known about the functional consequences of this mutation [21] . Another mutation in the GTPase domain, N1437H, was recently found in a large Norwegian family with autosomal-dominant PD [22] . The Tyr 1699 mutations are within the COR domain, which is important for the GTPase function of LRRK2 [23] . Mutations in the GTPase domain often lack Lewy body pathology and are associated with pure nigral degeneration or pleomorphic neuropathological findings [8, 24] .
LRRK2 R1441C knockin and R1441G BAC (bacterial artificial chromosome) transgenic mouse models exhibit mild impairments in nigrostriatal dopaminergic neurotransmission and motor dysfunction, consistent with the pathogenic role of these mutations in PD [25, 26] . Interestingly, in a yeast model of LRRK2 toxicity, the GTPase domain causes more toxicity compared with other domains. The toxicity is closely associated with GTPase activity and defects in endocytic vesicular trafficking and autophagy [27] .
LRRK2 GTP binding and GTPase activity
Studies confirm that LRRK2 is a GTP-binding protein and that it possesses GTPase activity [28] [29] [30] [31] [32] [33] , although the intrinsic GTPase activity of LRRK2 is small in comparison with other GTPases. The potential detrimental effects of PD-associated LRRK2 mutations on the kinase domain and GTPase domain are beginning to be clarified. There is universal agreement that the G2019S mutation leads to increased kinase activity and that the toxicity associated with the G2019S mutation is kinase-dependent [34] . On the other hand, the R1441C/G and Y1699C mutations cause an increase or no apparent alterations in LRRK2 kinase activity [35] . The effects of LRRK2 R1441C/G mutations on GTP binding either cause an increase in or no obvious effect on GTP binding, but consistently lead to decreased GTP hydrolysis [13, [30] [31] [32] . Interestingly, the G2019S mutation also exhibits decreased GTPase activity [32, 36] . The Y1699C mutation leads to a comparable decrease in GTPase activity, probably through weakening the dimerization of LRRK2 at the ROC-COR tandem interface [23] . Taken together, these observations suggest that decreased GTPase activity due to mutations in LRRK2 is likely to play a role in LRRK2 toxicity.
Regulation between LRRK2 GTPase and kinase activity
Small GTPases have been well known to control downstream protein kinase activity. The presence of the kinase domain and GTPase domain in the same molecule suggests a functional interaction between both catalytic activities within LRRK2 [37] . GTPases act as molecular switches between an active GTP-bound state and an inactive GDP-bound state (i.e. when the GTP is hydrolysed to GDP) [38] (Figure 2 ). In the active state, GTPases activate an effector protein such as a kinase via direct binding. LRRK2 is of special interest as mutations within both the GTPase and kinase domains are associated with PD. Its GTPase activity may regulate its kinase activity, which suggests a novel mechanism of intrinsic control. Indeed, functional mutant forms of LRRK2 K1347A and T1348N in which guanine nucleotide binding is disrupted display very low kinase activity, whereas adding the non-hydrolysable GTP analogue GTPγ S (guanosine 5 -[γ -thio]triphosphate) to LRRK2, which mimics the GTP-bound state, increases its kinase activity [13, 27, 28] . How GTP binding to LRRK2 stimulates its kinase activity is not clear. One study suggests that the LRRK2 GTP-binding capacity, not GTP binding, stimulates LRRK2 kinase activity [39] . Thus whether direct GTP binding and therefore a simple intramolecular switch stimulates LRRK2 kinase activity or whether the mechanism is indirect needs further investigation.
Conversely, the LRRK2 kinase domain appears to regulate LRRK2's intrinsic GTPase activity. Mapping LRRK2's autophosphorylation sites in vitro reveals a discrete cluster of autophosphorylation sites in its GTPase domain, primarily in the GTP-binding pocket [40] [41] [42] [43] . LRRK2 autophosphorylation at these sites serves to propagate LRRK2's kinase activity by structurally changing the GTPase domain into a configuration that promotes kinase activity [40] [41] [42] [43] . Thus the combination of GTP binding and LRRK2 autophosphorylation in the GTPase domain regulates GTPase-dependent activity that controls kinase activity.
How might this intrinsic regulation mechanism work? Resolving the structure of the GTPase domain of LRRK2 represents an important step towards understanding the underlying molecular mechanism. Crystallization of the ROC GTPase domain of LRRK2 indicates that LRRK2 functions as a dimer, where the ROC GTPase domain cycles between GDP-and GTP-bound states [33, 44] (Figure 3) . The COR domain may act as molecular hinge to regulate kinase activity. Pathogenic mutations such as R1441C in the GTPase domain weaken the dimer structure, resulting in decreased GTP hydrolysis that increases kinase activation [33] . Biochemical studies of LRRK2 have shown that LRRK2 kinase activity requires dimeric LRRK2, as kinase activity was not detected in oligomeric or monomeric forms of LRRK2 [45] . Moreover, some PD-associated mutations that increase LRRK2 kinase activity in vitro significantly increase the proportion of LRRK2 dimers [45] . A recent study suggests that the monomeric form LRRK2 is predominant in cells and that dimerization is not required for LRRK2's enzymatic activity [46] . Thus further work is required to clarify the role of dimerization in LRRK2's activity and function. How the GTPase and kinase domains communicate is still unclear. It is not known whether these two domains interact physically, although the COR and GTPase domains interact strongly [33] . The elucidation of the crystal structure of the full-length LRRK2 protein will hopefully clarify these mysteries.
Potential modifiers of LRRK2's GTPase domain
Most GTPases are regulated by GAPs (GTPase-activating proteins), which increase the hydrolysis of GTP to GDP, turning the GTPase off, and by GEFs (guanine-nucleotideexchange factors), which promote GTP binding, reducing GTP hydrolysis and turning on the activity of the GTPase [38] (Figure 2 ). LRRK2 requires cofactors for the binding and hydrolysis of nucleotides in the GTPase domain, similar to most small GTPases. Consistent with this notion are the observations that adding either GTPγ S or GDP to pure recombinant LRRK2 had no significant effect on kinase activity, but addition of GTPγ S to the cell lysate increases LRRK2's kinase activity and addition of GDP inhibits the activity [13] .
In a yeast model of LRRK2 toxicity, a genome-wide screen identified GCS1 as a potential GAP for LRRK2 [27] . Followup studies with the human homologue of GCS1, ArfGAP1 (ADP-ribosylation factor GAP1), indicates that ArfGAP1 is a GAP for LRRK2. ArfGAP1 enhances both wild-type and mutant (G2019S and R1441C) LRRK2 GTP hydrolysis and decreases LRRK2 autophosphorylation and kinase activity, which protects against LRRK2 toxicity in vitro and in vivo [32] . Interestingly, LRRK2 phosphorylates ArfGAP1 and inhibits its GAP activity. ArfGAP1 has intrinsic toxicity that is inhibited by LRRK2 phosphorylation. Thus ArfGAP1 and LRRK2 act reciprocally to regulate the activity and toxicity of each other [32] .
Little is known about the GEFs that regulate LRRK2, other than that ARHGEF7 may be a GEF for LRRK2 [47] . Further identification and characterization of LRRK2-specific GEFs will be important, since inhibition of the LRRK2 GEF would be expected to inhibit LRRK2 kinase activity and reduce LRRK2 toxicity.
Therapeutic strategies targeting LRRK2 GTP binding and GTPase activity
The fact that LRRK2 is a kinase and most PD-associated mutations in LRRK2 have pathological kinase activity indicates that targeting LRRK2 kinase activity is a therapeutic strategy for PD [34] . Indeed, genetic and pharmacological inactivation of LRRK2 kinase activity is neuroprotective [13, [48] [49] [50] . However, as discussed above, given the regulation between LRRK2 GTPase and kinase activity, targeting LRRK2 GTPase activity, GTP binding and dimerization offer additional potential therapeutic targets that are beyond kinase inhibition. This is particularly important in the light of recent findings that suggest that long-term inhibition of LRRK2 kinase activity may have untoward side effects, including predisposition for inflammatory bowel disease and kidney atrophy and dysfunction [51] [52] [53] .
Therapeutic approaches beyond kinase inhibition include developing LRRK2 GTPase inhibitors by targeting LRRK2 GTPase activity directly. A successful example is EHT1864, which is an inhibitor of the Rac1 GTPase. EHT1864 functions by displacing nucleotide binding and preventing association of Rac with the RacGEF [54] . Since an LRRK2 GEF would be expected to decrease LRRK2's GTPase activity and increase its kinase activity, development of LRRK2 GEF inhibitors may be an impressive means of modulating LRRK2 activity and toxicity. Inhibition of GEF interaction with LRRK2 or GEF catalytic activity might be taken into consideration for drug screens. Since LRRK2 and ArfGAP1 reciprocally regulate each other's activity and toxicity, targeting ArfGAP1 may not be feasible, but, as other LRRK2 GAPs are identified, enhancing their activity could yield new LRRK2 therapies. Another possible target is blocking the GTPbinding pocket of the LRRK2 GTPase domain. Preventing LRRK2 dimerization is another potential route for drug development. Since LRRK2 GEFs and GAPs are likely to regulate other proteins and processes, there may be off-target effects that will need to be considered as agents that target these effectors are developed.
Future perspectives
As the most common genetic link to familial and sporadic PD known to date, LRRK2 has been in the spotlight of the field for the last few years. Genetic and biochemical studies are providing promising and exciting data. However, detailed molecular understanding of LRRK2's physiological and pathophysiological function is still rudimentary. Identification of GTPase and kinase domain modifiers and physiological and pathophysiological interactors is critical to ultimately decipher LRRK2's function. Regulation of LRRK2's GTPase domain by GEFs and GAPs is of particular interest as well as the elucidation of the interplay between LRRK2 GTPase and kinase activity. Modulating the GTPase function of LRRK2 and LRRK2 kinase inhibition are prime targets for small-molecule inhibitors or modulators that hold particular promise for the treatment of PD. 
